Trehalose, an a,a-diglucoside, induced a rapid blackening and death of shoot tips of Cuseuta reflexa (dodder) cultured in vitro. The onset of toxic symptom was delayed if any of the several sugars which support the in vitro growth of Cuscuta was supplied with trehalose. The rate of trehalose uptake or its accumulation in the tissue was not affected by sugar cofeeding. The levels of total and reducing sugars declined appreciably in the trehalose-fed shoot tip explants compared to control tissue cultured in absence of a carbon source. This was not due to an increased rate of respiration of the trehalose-treated tissue. In shoot tips cultured in presence of both trehalose and sucrose, the decline in total and reducing sugars was curtailed. There was a marked fail in the level of sucrose; and invertase activity was higher in trehalose-fed shoot tips. The incorporation of label from j'4Clglucose into sucrose in the shoot tip explant was reduced as early as 12 h of trehalose feeding. The results suggest that increased utilization of sucrose as weOl as an inhibition of its synthesis contribute to the drastic fall in the sucrose content upon trehalose feeding.
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In a previous paper (13) we reported that the nonreducing disaccharide, a,a-trehalose, induced a rapid blackening of excised shoot tips of Cuscuta reflexa (dodder) cultured in vitro. This effect of trehalose was specific insofar as several mono-, di-, and trisaccharides tested were not toxic and these generally supported good growth of shoot tips. The addition of a utilizable sugar delayed the blackening of the shoot tips. This observation suggested that trehalose may interfere in some metabolic pathway involving sugars. With a view to understanding the mechanism of trehalose toxicity in Cuscuta, we have investigated some aspects of carbohydrate metabolism in shoot tips following trehalose feeding. We have found a decrease in the contents of carbohydrates and, in particular, of sucrose upon trehalose feeding.
MATERIALS AND METHODS
In Vitro Culture of Cuscuta. The culture medium (6) was the same as that used earlier except that medium lacking sugar is designated as BM.3 Shoot tips of Cuscuta were cultured by two methods. Method I, unless mentioned otherwise, is the same as described earlier (6) ; 2.5-cm long shoot tips were cut from primed and surface-sterilized tissue and cultured aseptically. In method II, 3.5-cm long shoot tips were marked with indelible ink 2.5 cm below the apex and used without priming and surface-sterilization. 2To whom corespondence should be addressed.
3 Abbreviation: BM, basal medium.
The tips were placed singly in tubes containing 0.3 ml medium which was changed daily to minimize microbial growth. At the end of the growth period the shoot tips were cut at the mark and the terminal portion assayed for carbohydrates.
Extraction and Estimation of Starch and Sugars. Starch was extracted from the tissue by the method of ap Rees et al. (1). An aliquot of the extract was incubated for 3 h at 50°C with amyloglucosidase (0.75 unit) and a-amylase (65 units) in 50 mm sodium acetate buffer (pH 5.6) in a total volume of 1 ml. Glucose formed was estimated by glucose oxidase-peroxidase method (2). Starch content was determined from a standard curve of glucose obtained by the hydrolysis of known amounts of starch by the same procedure.
Ethanolic extracts rendered free of lipids, were estimated for total sugars by the method of Yemm and Willis (14) and for reducing sugars by the method of Somogyi (11) . Trehalose was estimated using trehalase as described earlier (13) . Sucrose in the neutral fraction (13) was estimated using invertase from Candida utilis. For this, an aliquot of the neutral fraction was incubated for 2 h at 40°C with invertase (28 units) in a total volume of 1 ml made up with 50 mm sodium acetate buffer (pH 5.5). The reaction was stopped by immersing the tubes in a boiling water bath and glucose formed was estimated by glucose oxidase-peroxidase method. Sucrose content was calculated by multiplying the glucose value by 1.9.
Measurement of Invertase Activity. Cell-free homogenate of shoot tips was prepared as described previously (13 (Table I) . Thus, the action of sucrose and possibly of the other sugars was within the tissue. Therefore, the effect of trehalose feeding on the carbohydrate content was investigated.
Changes in Carbohydrate Content. Shoot tips were cultured by method II. Initially, total sugars, reducing sugars, and starch comprised close to 1.9, 0.5, and 1.5%, respectively, of the fresh weight of the shoot tip. On day 1, the total sugar content increased in all treatments (Fig. 2) . Thereafter, in shoot tips grown in BM or in BM + sucrose, the levels of total sugars remained nearly the same up to day 3. In contrast, the total sugar content in the trehalose-treated shoot tips decreased. By day 3, it was 43% of that in the BM-grown shoot tips. The value for the total sugar includes that for trehalose which accumulates in the shoot tips. If the trehalose content is deducted from the total sugar content the fall in the total sugars would appear more marked. The levels of reducing sugars also decreased markedly, being 66% of the initial level in trehalose-fed tissue on day 3 (Fig. 2B) . Starch content in shoot tips grown in all three media diminished by 50% of the initial level by day I (Fig. 2C) . By day 3, when blackening of trehalose-fed tissue had begun, the starch content of the shoot tips in all treatments had decreased further. The rapid utilization of starch in all treatments was apparently a response to excision-a phenomenon known in the cut tissues (4). Whether sucrose co-feeding curtailed the trehalose-induced changes in the carbohydrate content was investigated. In shoot tips supplied with trehalose and sucrose, the contents of total sugars (minus trehalose) and reducing sugars remained almost constant up to day 6 (Table I ). This was in contrast to shoot tips supplied with trehalose alone. However, even the shoot tips cofed with sucrose had begun to blacken on day 6.
Respiration. Whether an increased respiratory rate contributed to the decrease in the contents of soluble sugars in the trehalosefed shoot tips was investigated. Shoot tips were cultured in BM and in BM + 2% trehalose. Respiration of trehalose-fed shoot tips was not affected on day 1. However, after 2 days in trehalosemedium, their respiratory rate was 63% of the control (BM) tissue. At the onset of blackening (day 3), the respiratory rate of the treated shoot tips was 50%o of the control.
Sucrose. The observed decline in soluble sugar content upon trehalose feeding prompted an investigation of the content of sucrose in the shoot tips. The initial (day 0) sucrose content of a 2.5-cm long shoot tip was 140 ,ug which amounts to about 0.5% of the fresh weight of the tissue. In Figure 3 , the sucrose content is expressed as percentage of the initial value. In 4 d, in shoot tips cultured in BM and BM + 2% sucrose, sucrose content increased to 124 and 210%o, respectively. On the other hand, in the explants cultured in BM + 2% trehalose, content of sucrose was 8%. In shoot tips cultured in BM + 2% trehalose + 2% sucrose it was 79%.
The rate of uptake of ['4C]sucrose by the shoot tips in the absence or the presence of trehalose in the medium was linear and nearly the same up to 60 h (data not shown). To study the fate of ['4C]sucrose taken in by the shoot tip, the ethanolic extracts freed of lipids were chromatographed as described earlier (13) and the radioactivity in sucrose was measured. In shoot tips cultured in BM, the label in sucrose increased linearly with time (Fig. 4) . In contrast, in trehalose-fed shoot tips, label in sucrose did not increase although the rate of sucrose uptake was the same in both treatments. The difference in the utilization of sucrose was evident within 24 h of trehalose feeding.
The specific activity of invertase in shoot tips cultured in BM or BM + sucrose decreased to one-third of the initial (day 0) value within a day of culture and remained low till day 3. In trehalosefed shoot tips, the specific activity of invertase initially decreased (day 1), but thereafter it increased. At the time of blackening (day 3), the specific activity of the enzyme was twice of that in control tissue. The decrease in the levels of sucrose in tlle trehal'ose-fed explants was associated with the increase in invertase activ t.
The incorporation of label from l' 'Clglucose into suicrose h! th tissue was studied in an attempt to obtain moire informtiOll .l'oult the low sucrose in shoot tips following trehalose feeding. Ili uptake of ['4C]glucose by the shoot tip was affected to a snall extent (about 10%) upon trehalose feeding. The incorportiOll Of radioactivity in the neutral fraction was approximately 50% less in the shoot tips within 12 h of trehalose feeding conmpared to covntrol (BM) shoot tips. The neutral extracts were chromnatograiphed and as a representative example, the distribution ot radioactivity in different sugars in the neutral fractions from 60 h grown explants is shown in Figure 5 . In the control shoot tips, the peak radioactivity was in sucrose (Fig. 5A) . In contrast, in the trehalose-fed shoot tips, the radioactivity in sucrose was very low (Fig. 5B) DISCUSSION Because trehalose is a diglucoside and because glucose cofeeding effectively delayed toxicity symptoms, we may rule out toxicity as due to the accumulation of products of hydrolysis of trehalose. As reported earlier (13) , Cuscuta has low trehalose activity. As a result, significant amount of trehalose taken in by the tissue would remain unmetabolized. The observed antagonistic effect of several sugars on trehalose toxicity suggests that trehalose interferes with some reaction(s) involving sugars. Table I shows that at the time of blackening of explants fed with trehalose alone (day 4) or with both trehalose and sucrose (day 6), trehalose constituted about 30% of the total soluble sugars in the tissue in both treatments. This suggests that the ratio of concentrations of endogenous trehalose to soluble sugars rather than the absolute concentration of trehalose in the shoot tip may be important in the induction of toxicity.
Although the levels of sugars in the trehalose-fed shoot tips declined, their fate is not clear. Trehalose toxicity was associated with the information of black insoluble substance (13) . Presumably, this is a polymerized product of phenolic substances and sugars may have been utilized for its synthesis through the mediation of pentose phosphate pathway and shikimic acid pathway (12) .
The fall in the sucrose content of the shoot tip was one of the most pronounced changes upon trehalose feeding. An inhibition of sucrose synthesis has been observed also in mannose-pretreated spinach protoplasts (3). The relationship between the fall in sucrose content and development of blackening in the shoot tip is not known, but a decline in the level of this sugar may become critical. Sucrose plays varied and vital roles in plants (8) , among which is its postulated role as a source of UDP-glucose required in the biosynthesis of cellulose (7, 10) . As reported earlier (13) , trehalose toxicity in Cuscuta is confined to the region of the vine which is involved in elongation growth, i.e. the terminal 2.5-cm portion. In a trehalose-fed vine, sucrose deficiency may be more critical to the growing cell than to the mature cell. 
